SUMMARY
INTRODUCTION
A central pathological manifestation of schistosomiasis mansoni is the granulomatous response to tissue-deposited parasite ova. The efforts of a number of investigators over the last half-century have revealed much concerning the immunologic basis of this reaction. The schistosome egg granuloma is now known to be a hypersensitivity-type, T cell-mediated inflammatory reaction to ova-derived antigens (1, 2) , which is modified by the duration of infection and immune status of the host (3) . It is also recognized that cytokines associated with Th2 cells [interleukin (IL)-4, IL-5 and IL-13] contribute significantly to the development of these lesions (4) (5) (6) (7) (8) (9) (10) (11) . The Th2-mediated reaction is thought to be less destructive to bystander tissue than Th1 inflammation (12) ; however, the type 2 response is associated with florid fibrosis that seriously compromises organ function (13) .
Presumably, the molecular signals involved in schistosome egg granuloma formation must include innate and adaptive components. While Ag-elicited T cell-derived cytokines provide important amplifying signals during granuloma formation, they probably are not the earliest initiators. Innate immune signals must strike the 'spark' that begins local cell mobilization, then adaptive immune cytokines help to sustain the lesion and dictate any sequelae (e.g. fibrosis). Early initiation factors are thought include the induction of adhesion and chemotactic molecules that localize the T cells required for subsequent waves of amplification. Subsequent T cell-mediated amplification would again probably involve induction of additional chemotactic cytokines that would further promote leucocyte infiltration. Thus, chemotactic factors presumably participate extensively in the granuloma, and the superfamily of structurally related chemotactic polypeptides, known as chemokines (CK), may be particularly important. More than 50 human CK and nearly as many murine homologueues have been described and reviewed (14 -16) . Chemokines exert their effect through guanosine nucleotide-protein coupled receptors, a superfamily of related receptors that are involved in transduction of a broad spectrum of extracellular stimuli, such as hormones, neurotransmitters, CKs, odourants and light. Analysis of CK receptor expression by leucocytes revealed that subtypes of receptors are expressed to different degrees by different cell types and thereby dictate responsiveness to particular CKs. For example, neutrophils strongly express CXCR1 and CXCR2 making them most responsive to ELR+ CXC ligands, whereas eosinophils appear more responsive to CCR3 ligands. Another aspect of CK receptor physiology is that their expression is subject to cytokine-mediated regulation (17, 18) , which permits fine-tuning of cellular responses based upon organ location and host immune status. There is circumstantial evidence for CK participation in granuloma formation but, due to the numbers and functional redundancy of CK and the complexity of models of granulomatous conditions, detailed analyses are challenging at best.
ANTIGEN-BEAD MODELS OF GRANULOMA FORMATION
Granuloma formation during active schistosome infection is an asynchronous affair making it difficult to study discrete stages of the response. Ova can be isolated and embolized to the lungs to establish a synchronized reaction, but events may vary depending on egg quality and reactions cannot be easily controlled, making comparison with other responses difficult. In order to provide a systematic approach to the study of granuloma formation, we developed standardized models of synchronous pulmonary granuloma formation using antigen-coated agarose beads (19, 20) . In brief, after a 14 -20 day sensitization period with Mycobacteria bovis purified protein derivative (PPD) or Schistosoma mansoni eggs, mice are challenged intravenously with beads coated with mycobacterial PPD or soluble schistosomal egg antigen (SEA), respectively. The beads embolize to the pulmonary microvasculature where they elicit multiple granulomatous foci. Compared to nonantigen coated control (CON) beads, the PPD and SEA beads induce florid granulomas with cellular compositions comparable to human lesions evoked during M. tuberculosis and S. mansoni infection ( Figure 1) . Histologically, all of the granuloma types contain macrophages, giant cells and lymphocytes, but the SEA granulomas are distinguished by a significant component of eosinophils and hence very closely resemble the reaction elicited by native schistosome eggs. The PPD-and SEA Ag-bead lesions show similar growth kinetics ( Figure 2 ). There is an early rapid recruitment phase (1-2 days) with maximal size reached by day 4. This is followed by a period of sustenance before finally entering a resolution phase at 8 days and beyond. A sequential analysis of cytokines produced by isolated granulomas reveal patterns of expression that are consistent with type 1 (Th1) and type 2 (Th2) associated cytokine profiles (Figure 3) . Thus, Ag-coated bead models appear representative of the native granulomatous conditions and provide the means to monitor inflammatory events in a highly controlled fashion. Using this approach, we compared CK expression during type 2 SEA-elicited and type 1 mycobacterial PPD-elicited granuloma formation. Functional analyses were also performed using CK receptor knockout mice and in vivo anti-CK antibody treatments.
CHEMOKINE AND CHEMOKINE RECEPTOR TRANSCRIPT PROFILES DURING AG-BEAD GRANULOMA FORMATION
In order to correlate inflammatory events with CK expression, we surveyed transcript expression of 25 CKs during 
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Chemokines in schistosomal egg antigen granulomas the rapid recruitment, sustenance and resolution stages of the type 1 (PPD) and type 2 (SEA) responses using semiquantitative mRNA analysis of whole granulomatous lungs (21) . In addition, we have similarly assessed expression of 10 CK receptors. Characteristic type 1 and type 2 CK profiles displaying both biased and shared CKs as well as distinct temporal expression patterns were observed (Table 1) . These are discussed below. It should be noted that similar biased CK profiles have recently been reported by an independent laboratory using a schistosomal egg challenge model without and with IL-12 treatment to induce a polarized type 2 and type 1 responses (22) . As shown in Figure 4 (a), CXCR2 and its ligands, MIP-2 and LIX were strongly expressed in the type 1 (PPD) response and associated with the early recruitment phase, but were more weakly expressed in the SEA response. This correlated well with the more dominant neutrophil influx into PPD lesions at this time ( Figure 1 ). CXCR3 ligands were similarly dominant in the early phase of the type 1 response but the receptor transcripts were expressed more strongly in the sustenance stages ( Figure 4a ). This receptor did not display type-specific restriction; however, CXCR3 may be expressed by a minor subpopulation of T cells and restricted expression could be obscured due to dilution among transcripts from other sites in the lung.
Transcripts for CCR1, CCR5 and their ligands, MIP-1α, MIP-1β and RANTES, also displayed dominance in the type 1 response (Figure 4b ). CCR1 is reportedly expressed by activated neutrophils, which may be partly responsible for the observed bias (18) . Interestingly, the temporal expression of CCR1 and CCR5 tended to parallel the expression of their respective ligands, MIP-1α and MIP-1β. These findings would predict that CCR1 ligands would Figure 2 Stages and time course of mycobacterial and schistosomal antigen-bead elicited pulmonary granuloma formation. Synchronized type 1 PPD, type 2 SEA or control (CON) bead granulomas were elicited according to protocol and lesion areas were measured by computerized morphometry at the designated intervals.
Figure 3
Time course and profiles of cytokine production by mycobacterial and schistosomal antigen-bead elicited pulmonary granulomas. Intact type 1 (PPD) or type 2 SEA bead granulomas were isolated from lungs at the designated intervals and cultured for 24 h, then supernates were assayed for representative Th1 and Th2 related cytokines.
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participate to lesser degree in the SEA-elicited response and, indeed, we recently reported that mice with CCR1 knockout showed defects only in the type 1 PPD bead response (23) . As shown in Figure 5 , CCR2 transcripts were modestly expressed with a partial type 1 biased expression. In addition, transcripts for the CCR2-specific ligand, MCP-1 (CCL2), were also detected in both responses, appearing as early as 1-2 days with a slight type 1 predominance. The modest expression of CCR2 may be related to downregulation as circulating monocytes move from blood to interstitial compartments (24) . Interestingly, MCP-5 (CCL12) is highly homologous to MCP-1 (25) and its transcripts appeared in the early recruitment phase of the type 2 
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Chemokines in schistosomal egg antigen granulomas response in a pattern similar to that seen for MCP-1 in the type 1 response. This suggests that MCP-5 provides an early monocyte recruitment function in the schistosomal response that MCP-1 provides in the mycobacterial response. Transcripts for CCR3 were expressed mainly in mid to late stages of granuloma formation and did not display type specific bias ( Figure 5 ). The latter was surprising, since CCR3 was expected to be dominant in the eosinophil-rich type 2 granuloma. Recent reports suggest that activated neutrophils and macrophages may express CCR3 (18, 24) , but its functional participation in a Th1-mediated responses is still unclear. Overall, ligands with CCR3 or promiscuous CCR2/3 reactivity displayed biased expression in the type 2 (SEA) response. These appeared in mid to late stages of SEA-bead granuloma formation, which corresponds to the time of CCR3+ eosinophil accumulation and granuloma maintenance.
Since both CCR4 and CCR8 have been associated with Th2 cells (26 -29) , biased expression in the type 2 (SEA) response was initially predicted. However, CCR4 transcripts were expressed in both type 1 (PPD) and type 2 (SEA) responses in mid to late stages of granuloma formation with only a partial bias to the type 2 response. CCR8 transcripts were also comparably expressed during both responses in the same period. This may indicate that these receptors are not polarized in vivo or that non-T cell populations obscured any underlying bias among Th cells. Activated NK and endothelial cells reportedly can express these receptors (30, 31) .
As shown in Figure 6 (a), transcripts for the respective ligands of CCR4 and CCR8 [i.e. MDC (CCL22) and TCA-3 (CCL1)] displayed a partial type 2 bias, but those for TARC (CCL17), which potentially binds to both receptors (32, 33) , showed unbiased expression throughout early and late stages of inflammation. Interestingly, TARC contributes to the lymphoid response to Propionibacterium acnes granulomas and may therefore represent a granulomagenic CK (34) .
As shown in Figure 6 (b), CCR6 transcripts appeared in the mid to late stages of granuloma formation and displayed dominant expression in the type 1 response. This receptor has been reported on dendritic cells, B cells, memory T cells and neutrophils (35 -38) , all of which may take part in the inflammatory response. While the source of the biased expression is yet to be determined, the finding further underscores the different quality of schistosomal and mycobacterial lesions. Curiously, mRNA for LARC (CCL20), the only reported agonist for CCR6, was expressed in the late stage of granuloma formation with a partial type 2 bias, suggesting that this CK may not participate in cellular recruitment or rather contributes to the resolution stage of the lesion.
In our CK survey, a number of CKs were found to be constitutively expressed without induction during granuloma elicitation. These included stromal cell-derived factor-1α (CXCL12), lungkine (CXCL15), EB11 ligand chemokine (CCL19), secondary lymphoid tissue chemokine (SLC) (CCL21) and fractalkine (CX3CL1). Interestingly, many of these are thought to participate in homeostatic lymphoid circulation. As shown in Figure 6 (b), transcripts for the ligand, SLC, showed no induction or declined, whereas the level of transcripts for its receptor CCR7 tended to decline with granuloma development probably reflecting dilution in the pool of mRNA derived from newly recruited cells. This finding supports the current notion that selected CKs may have designated inflammatory or noninflammatory functions (39, 40) . Figure 7 summarizes the potential CKs contributing to type 2 schistosomal egg Ag-elicited granuloma formation. It is noteworthy that most of these are beta or CC-type CKs that interact with receptors, CCR2, 3, 4 or 8. In previous reports, we provided evidence that type 2 cytokines, IL-4 and IL-13, appear to amplify the production MCP-1, MCP-3 and MCP-5, all CKs associated with this response (41, 42) .
FUNCTIONAL CONTRIBUTION OF CHEMOKINES TO SCHISTOSOMAL EGG ANTIGEN-ELICITED GRANULOMA FORMATION
The above CK survey provided strong circumstantial evidence for CK participation in the type 2 schistosomal Ag-elicited granuloma, but we also performed a number of studies to test function using CK receptor knockout mice and in vivo antibody-mediated CK depletion. For example, mice with CCR2 knockout displayed a selective 50% abrogation of macrophage accumulation primarily during the early recruitment phase of granuloma formation that was associated with corresponding reduction in lesion size (43) (Figure 8 ). This effect correlated precisely with the time of expression of the CCR2 ligands, MCP-1 and MCP-5, noted above. Thus, CCR2 ligands appeared to promote macrophage accumulation at least during the early recruitment period. In another study, mice treated with a highly specific rabbit antimurine MCP-3 Ab preparation during type 2 (SEA) granuloma formation demonstrated a selective 40-50% reduction in eosinophil accumulation on day 4 ( Figure 9 ). This observation would be fully consistent with eosinophil recruitment by way of CCR3 and indicates that MCP-3 contributes to a significant component of granuloma eosinophil content. However, redundant recruitment mechanisms are clearly present, since none of the above manipulations were able to completely deplete a selected leucocyte population.
As noted above, because of the putative association of CCR8 with Th2 cells, this receptor and its ligands have been proposed as potential contributors to type 2 cytokine mediated immune responses. In order to test this hypothesis, Figure 7 Major chemokines identified during critical stages of schistosomal egg antigen-elicited granuloma formation. Note that CC chemokines, monocyte chemotactic proteins (MCPs) and thymus activation related chemokine (TARC) are found at all stages.
Figure 8
Effect of CC chemokine receptor 2 (CCR2) knockout on schistosomal egg antigen-elicited granuloma formation. Type 2 (SEA) bead granulomas were generated in control and CCR2 knockout mice then granuloma sizes (upper panel) and compositions (lower panel) were determined over the time course of development. Note selective abrogation of monocyte recruitment in the early stages of granuloma formation. *P < 0·01.
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Chemokines in schistosomal egg antigen granulomas we recently examined the effect of CCR8 knockout on granuloma formation (44) . That study revealed a defect in eosinophil recruitment and a reduction in type 2 cytokine expression ( Figure 10 ). In contrast, the type 1 (PPD) response cytokines were unaffected. This result was consistent with the reported association of CCR8 with Th2 cell clones (27, 45, 46) but our transcript analysis (Figure 6a ) indicated that CCR8 and potential CCR8 agonists were likely expressed in both type 1 and type 2 granuloma formation. Why then was the type 2 response selectively affected? In addition, based upon CK receptor studies of Th2 clones, alternative receptors such as CCR3 and CCR4 should have provided compensatory chemotactic responses.
CHEMOKINE RECEPTOR TRANSCRIPT PROFILES OF DRAINING LYMPH NODE CD4 + T CELLS GENERATED DURING GRANULOMA FORMATION
Th1 cells generated in vitro reportedly have restricted expression of CXCR3 and CCR5 whereas Th2 cells express CCR3, CCR4 and CCR8 (47) . In order to explore the potential repertoire of CK responses among CD4 + T cells generated in vivo, we compared CK receptor transcript levels among populations of CD4 + T cells purified from the draining lymph nodes of mice with schistosomal or mycobacterial Ag-elicited lung granulomas. These are highly polarized populations by intracellular cytokine staining and cytokine secretion assays (data not shown). CD4 + T cells were purified by negative selection columns immediately or after culture in the presence or absence of specific Ag. As shown in Figure 11 , freshly isolated type 1 (PPD) CD4 + T cells displayed enhanced levels of CXCR3, CCR4 and CCR6 transcripts compared to naïve CD4 + T cells (dashed lines). The CXCR3 restriction for type 1 (PPD) cells is similar to that reported for in vitro generated Th1 cells but otherwise the pattern differed. Type 2 (SEA) preparations also differed from expected patterns, displaying only enhanced CCR4 mRNA. After Ag-stimulation, type 1 cells showed strong enhancements of CXCR3 and CCR4 but Type 1 (PPD) or type 2 (SEA) bead granulomas were generated in control and CCR8 knockout mice then granuloma compositions (left panels) and lung aqueous extract cytokines (right panels) were determined on day 4 of granuloma formation. Note only the type 2 (SEA) response was affected with reduced eosinophils and type 2 cytokines. *P < 0·01.
down-regulation of CCR6 mRNA. In addition, these cells also display a three-to four-fold increase in CCR8 mRNA. The type 2 schistosomal Ag responsive cells showed two-fold enhancement of CCR4 transcripts but a four-to five-fold increase in CCR8 mRNA. Thus, while CCR8 did not display expression restricted to the type 1 or type 2 response, the type 2 cells were more limited in their repertoire. Thus, type 2 (SEA) responsive T cells could be more dependent on CCR8 for functional requirements especially in the postactivation stage.
CONCLUSIONS
The secondary type 2 schistosomal egg Ag granuloma evokes a characteristic CK profile with expression of CCR2, 3, 4 and 8 ligands but lesser expression of CXCR2, CXCR3, CCR1 and CCR5 ligands. Th2 associated cytokines, such as IL-4 and IL-13, help determine the profile and temporal expression of CKs during schistosomal Ag-elicited granuloma formation. It appears that individual CKs participate at different stages and in different aspects of granuloma formation (e.g. monocyte and eosinophil recruitment and T cell functional activity) but there is significant redundancy.
In vivo generated Th cells may not display precisely the same receptor profiles as those described for artificially generated Th cells. However, functional differences in Th cells may be related to CK receptor repertoire differences. 
